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1
RADAR DEVICE

TECHNICAL FIELD

The present disclosure relates to a radar device which
estimates a distance to or a signal incoming direction from
a target by receiving a reflection wave signal reflected from
the target by a reception antenna.

BACKGROUND ART

Radar devices radiate a radio-frequency radar transmis-
sion signal to the space from a measuring site, receive a
reflection wave signal reflected from a target, and measure
at least one of a distance between the measuring site and the
target and a direction of the target. In recent years, radar
devices which can estimate a distance to or a signal incom-
ing direction from a target that may be an automobile or a
pedestrian by performing a high-resolution measurement
using a short-wavelength radar transmission signal such as
a signal of microwaves or millimeter waves have been being
developed.

Radar devices receive a signal that is a mixture of
reflection waves coming from a nearby target and reflection
waves coming from a distant target. Range sidelobes occur
due to a reflection wave signal coming from a nearby target.
If range sidelobes and a main lobe of a reflection wave signal
coming from a distant target exist in mixture, the accuracy
of detection of the distant target may be lowered.

Therefore, radar devices which are required to perform
high-resolution measurement on plural targets are required
to transmit a pulse wave or a pulse-modulated wave using a
transmission code that has an autocorrelation characteristic
with low range sidelobe levels (hereinafter referred to as a
low range sidelobe characteristic).

When an automobile and a pedestrian are located at the
same distance from a measuring site, a radar device receives
a signal that is a mixture of signals of reflection waves
coming from the automobile and the pedestrian which have
different radar cross sections (RCSs). The radar cross section
of a pedestrian is smaller than that of an automobile.

Radar devices are required to properly receive reflection
wave signals coming from an automobile and a pedestrian
even if they are located at the same distance from a mea-
suring site. Since the signal level of a reflection wave signal
varies depending on the distance or type of a target, radar
devices are required to have a reception dynamic range wide
enough to enable reception of reflection wave signals of
various signal levels.

One example conventional radar device is known which
transmits pulse waves or pulse-modulated waves through
mechanical antenna scanning or electronic scanning with a
narrow-directivity beam and receives a reflection wave
signal reflected from a target.

Another example conventional radar device is known
which receives a reflection wave signal reflected from a
target by plural antennas and measures reception phase
differences between received reflection wave signals,
thereby estimating a signal incoming angle using resolving
power that is higher than a value corresponding to beam
directivity of each antenna.

In the former radar device, a long antenna scanning time
is necessary for detection of a target because it transmits and
receives radio waves using the single antenna. Therefore, it
is difficult to detect a target so as to follow its movement
because detection of a fast-moving target necessitates a
high-resolution measurement and hence many scans.
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The latter radar device can attain higher detection accu-
racy than the radar device using a single antenna because it
can estimate a signal incoming direction by performing
signal processing with decimated scanning intervals. Fur-
thermore, the latter radar device can estimate a signal
incoming angle following a movement of even a fast-
moving target.

Patent document 1, for example, is known as disclosing a
conventional technique in which reflection wave signals that
exhibit high correlation are separated from reflection waves
received by plural antennas and used for incoming direction
angle measurement calculation. In the super-resolution
antenna of Patent document 1, reception signals received by
plural antennas are subjected to Fourier transform and signal
components of respective filter banks corresponding to
respective Doppler frequencies generated by the Fourier
transform are weighted. In this super-resolution antenna, a
desired filter band component is extracted from the weighted
signal components and a signal incoming direction from a
target is estimated on the basis of the signal component
corresponding to the extracted element antenna.

With the above technique, if plural targets exist within a
distance resolution, the targets are high in correlation, and
Doppler frequencies of the respective targets are sufficiently
different from each other, reception signals from the respec-
tive targets can be separated from each other and signal
incoming directions from the respective targets can be
estimated.

PRIOR ART DOCUMENTS
Patent Documents
Patent document 1: JP-A-2003-194919

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

However, in the above-described Patent document 1, in
the case where, for example, a radar device is installed at a
high place having a prescribed height from the ground, it is
difficult to increase the accuracy of estimation of a signal
incoming direction from a target while reducing the amount
of calculation for the estimation of a signal incoming
direction.

The present disclosure has been made in the above
circumstances, and an object of the disclosure is to provide
a radar device which can and increase the accuracy of
estimation of a signal incoming direction from a target while
reducing the amount of calculation for the estimation of a
signal incoming direction.

Means for Solving the Problems

This disclosure provides a radar device installed at a
position having a prescribed height from the ground, com-
prising a radar transmitter that converts a transmission code
into a radio-frequency radar transmission signal and trans-
mits the radar transmission signal from a transmission
antenna which is inclined so as to extend in a prescribed
direction which is defined by a line connecting the position
having the prescribed height and the ground; and a radar
receiver that estimates a signal incoming direction from a
target using plural antenna system processors which receive
a reflection wave signal produced by reflection of the radar
transmission signal by the target, wherein the receiver
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comprises a correlation matrix generator that generates a
correlation matrix including phase difference information
which results from an arrangement of reception antennas on
the basis of outputs of the plural respective antenna system
processors; a distance estimator that estimates a distance to
the target on the basis of the outputs of the plural respective
antenna system processors; and an incoming direction esti-
mator that determines an elevation angle component with
respect to the target on the basis of an output of the distance
estimator, and estimates a signal incoming direction from
the target using direction vectors in which an azimuth
component is varied and an output of the correlation matrix
generator.

Advantages of the Invention

This disclosure makes it possible to increase the accuracy
of estimation of a signal incoming direction from a target
while reducing the amount of calculation for the estimation
of a signal incoming direction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an explanatory diagram showing a straight line
extending in the direction of an inclination angle ¢, and an
elevation angle ¢(kz,) with respect to a target of a radar
device according to a first embodiment.

FIG. 2 is a block diagram showing the internal configu-
ration of the radar device according to the first embodiment
in a simplified manner.

FIG. 3 is a block diagram showing the internal configu-
ration of the radar device according to the first embodiment
in detail.

FIG. 4 shows a relationship between transmission inter-
vals and transmission cycles of a radar transmission signal.

FIG. 5 is a block diagram showing the internal configu-
ration of a modified version of a transmission signal gen-
erator.

FIG. 6 shows relationships between a radar transmission
signal, a reception signal having a delay time T,, and a
reception signal having a delay time 7.

FIG. 7 is a flowchart for description of how an incoming
direction estimator used in the first embodiment operates.

FIG. 8 is for description of a probability that the elevation
angle component of the direction vector varies depending on
the height of a short-range target to cause reduction of the
accuracy of estimation of a signal incoming direction.

FIG. 9 is an explanatory diagram showing a straight line
extending in the direction of an inclination angle ¢, of a
radar antenna of a radar device according to a second
embodiment and an elevation angle ¢(kg,) with respect to a
target.

FIG. 10 is a flowchart for description of how an incoming
direction estimator used in the second embodiment operates.

FIG. 11 is explanatory diagrams showing how an eleva-
tion angle component range of evaluation function values is
determined in accordance with a distance range; FIG. 11(a)
is for a target in a short range and FIG. 11(5) is for a target
located at a distant place.

FIG. 12 is a block diagram showing the internal configu-
ration of a radar device according to a third embodiment in
detail.

FIG. 13 shows an example measurement area of a case
that a conventional radar device is installed at a high place
having a height of 5 m from the ground.

FIG. 14 shows an example directivity characteristic of an
antenna in the elevation angle direction.
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FIG. 15 is a block diagram showing the internal configu-
ration of a radar device according to a modification of the
first embodiment in detail.

FIG. 16 is an explanatory diagram showing a depression
angle in a vertical plane in a main beam direction of each
antenna of a radar device according to a modification of the
first embodiment.

FIG. 17 is a block diagram showing the internal configu-
ration of a radar device according to a modification of the
third embodiment in detail.

MODES FOR CARRYING OUT THE
INVENTION

Radar devices according to respective embodiments of the
disclosure will be described with reference to the drawings.
(Background of Embodiments)

First, before describing the radar devices according to
respective embodiments of the disclosure, the background of
the embodiments will be described with reference to the
drawings.

A description will be made of a case that as illustrated in
FIG. 13 a conventional radar device is installed at a high
place having a height of 5 m, for example, from the ground
and measurements are done for an area that is in a distance
range from a short distance (e.g., 5 m) to a long distance
(e.g., 40 m). FIG. 13 shows an example measurement area
of a case that a conventional radar device is installed at a
high place having a height of 5 m from the ground.

The direction vector corresponding to reception phase
difference information between antennas which is deter-
mined by the signal incoming angle 6 of a target and the
intervals between plural antennas is influenced by deviations
between antennas of a directivity pattern in a vertical plane
of the reception antenna (see FIG. 14). That is, the direction
vector includes not only a component of deviations between
antenna elements that depends on the azimuth direction but
also a component of deviations between antenna elements
that depends on the elevation angle direction. FIG. 14 shows
an example directivity characteristic of an antenna in the
elevation angle direction.

More specifically, where a vertically directional beam
whose width is as narrow as about 25° is employed, when
the antenna of the conventional radar device is inclined
downward by 7°, it has a vertical detection range of 38° for
an area that is in a distance range from a short distance (e.g.,
5 m) to a long distance (e.g., 40 m). Directivity ranges
(1)-(3) shown in FIG. 14 are used for ranges of 5-10 m,
10-20 m, and 20-40 m shown in FIG. 13, respectively.

Therefore, in the conventional radar device, an antenna
directivity range that is not part of the directivity range of a
main beam for a certain distance range where a target exists.
In such a case, a direction vector is affected by deviations
between antennas of a directivity pattern in a vertical plane
of'the reception antenna elements (see FIG. 14, for example)
and includes a component of deviations between antenna
elements that depends on the azimuth direction but also a
component of deviations between antenna elements that
depends on the elevation angle direction.

As a result, differences occur in direction estimation
accuracy for targets located at different distances. This is a
factor in causing a variation in the direction estimation
accuracy of the radar device.

The above problem is solved in the following manner.
Components of deviations between antennas can be cor-
rected for by having direction vectors include amplitude and
phase deviation information that depends on the azimuth 0
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direction and the elevation angle ¢ direction and occurs
between the reception antenna elements. This makes it
possible to estimate an incoming direction of a reflection
wave signal from a target after lowering the dependency of
the direction estimation accuracy on the elevation angle ¢
direction.

However, where a conventional radar device is installed at
a high place, the use of the two respective variables in the
azimuth 6 direction and the elevation angle ¢ direction
increases the amount of calculations of evaluation function
values for estimation of a signal incoming direction. For
example, if the variation ranges in the azimuth 0 direction
and the elevation angle ¢ direction are divided into N
sections and M sections, respectively, the amount of calcu-
lations of evaluation function values is increased because of
NxM times of calculations.

In the above circumstances, the following embodiments
are directed to example radar devices which increase the
accuracy of estimation of a signal incoming direction from
a target while reducing the amount of calculation for the
estimation of a signal incoming direction.

(Embodiment 1)

A radar device 1 according to a first embodiment will be
described with reference to FIGS. 1-5. FIG. 1 is an explana-
tory diagram showing a straight line extending in the direc-
tion of an inclination angle ¢, and an elevation angle ¢p(kz,)
with respect to a target of the radar device 1 according to the
first embodiment. In the following description, a transmis-
sion antenna Tx-ant and plural reception antennas Rx-antl
to Rx-ant4 will be together referred to as a radar antenna RA.
The plural reception antennas Rx-antl to Rx-ant4 form an
array antenna. To simplify the description, the radar antenna
RA of the radar device 1 is shown in FIG. 1.

FIG. 2 is a block diagram showing the internal configu-
ration of the radar device 1 according to the first embodi-
ment in a simplified manner. FIG. 3 is a block diagram
showing the internal configuration of the radar device 1
according to the first embodiment in detail. FIG. 4 shows a
relationship between transmission intervals Tw and trans-
mission cycles Tr of a radar transmission signal. FIG. 5 is a
block diagram showing the internal configuration of a trans-
mission signal generator 2r as a modification of a transmis-
sion signal generator 2.

The radar device 1 is installed at a position having a
prescribed height H,,,,, from the ground GND. In the follow-
ing description, the prescribed height H,,,,, will be referred to
as an installation height H_,,. The radar antenna RA of the
radar device 1 is inclined so as to extend in the direction of
an inclination angle ¢, that is defined by a line connecting
the position having the installation height H,,, and the
ground. The radar device 1 transmits a radar transmission
signal generated by a radar transmitter Tx from the trans-
mission antenna Tx-ant and receives, by the array antenna,
a signal of reflection waves produced by reflection of the
radar transmission signal by the target TAR. The radar
device 1 estimates a distance between itself and the target
TAR and a signal incoming direction from the target TAR by
performing signal processing on the signal received by the
array antenna.

The target TAR is an object to be detected by the radar
device 1 and may be an automobile or a human. This also
applies to each of the following embodiments.

First, how the individual units of the radar device 1 are
configured will be described in a simplified manner.

As shown in FIG. 2, the radar device 1 is configured so as
to include a reference signal oscillator Lo, the radar trans-
mitter Tx, and a radar receiver Rx. The radar transmitter Tx
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6

is configured so as to have a transmission signal generator 2
and a RF transmitter 3 which is connected to the transmis-
sion antenna Tx-ant. The reference signal oscillator Lo is
connected to the radar transmitter Tx and the radar receiver
Rx and supplies a common signal to them, whereby pieces
of processing of the radar transmitter Tx and the radar
receiver Rx are synchronized with each other.

The radar receiver Rx is configured so as to have four
antenna system processors 10, 10a, 105, and 10¢, a corre-
lation matrix generator 20, a distance estimator 21, a direc-
tion vector storage 22, and an incoming direction estimator
23. Although the radar receiver Rx shown in FIG. 2 has the
four antenna system processors, the number of antenna
system processors is not limited to four and may be two or
more. Since the antenna system processors have the same
configuration, the antenna system processor 10 will be
described below as an example.

The antenna system processor 10 is configured so as to
have a RF receiver 11 to which the reception antenna
Rx-antl is connected and a signal processor 12. The signal
processor 12 is configured so as to have at least a correlation
value calculator 18 and a coherent integrator 19.

Next, how the individual units of the radar transmitter Tx
are configured will be described in detail with reference to
FIG. 3.

As shown in FIG. 3, the radar transmitter Tx is configured
s0 as to have the transmission signal generator 2 and the RF
transmitter 3 to which the transmission antenna Tx-ant is
connected.

As shown in FIG. 3, the transmission signal generator 2
is configured so as to include a code generator 4, a modulator
5, an LPF (lowpass filter) 6, and a D/A converter 7. Although
in FIG. 3 the LPF 6 is included in the transmission signal
generator 2, the LPF 6 may be provided inside the radar
transmitter Tx so as to be disposed outside the transmission
signal generator 2 and receive an output of the D/A converter
7.

As shown in FIG. 3, the RF transmitter 3 is configured so
as to include a frequency converter 8 and an amplifier 9.

Next, how the individual units of the radar transmitter Tx
operate will be described in detail.

The transmission signal generator 2 generates a transmis-
sion reference dock signal by multiplying a reference signal
generated by the reference signal oscillator Lo by a pre-
scribed number. The individual units of the transmission
signal generator 2 operate on the basis of the generated
transmission reference dock signal.

As shown in FIG. 4, a transmission signal is generated by
the transmission signal generator 2 in such a manner that, for
example, each code element of a code sequence C,, having
a code length L. is modulated using No samples of the
transmission reference dock signal in a transmission interval
Tw (s) of each transmission cycle Tr. That is, the sampling
rate of the transmission signal generator 2 is equal to
(NoxL)/Tw. Therefore, in each transmission interval Tw,
modulation is done using Nr (=NoxL) samples. In the silent
interval (Tr-Tw) (s) of each transmission cycle Tr, modu-
lation is done using Nu samples.

The transmission signal generator 2 periodically gener-
ates a baseband transmission signal r(k,, M) (see Equation
(1)) by modulating the code sequence C, having the code
length L. Parameter n takes values 1 to L, and parameter L.
represents the code length of the code sequence C. Param-
eter j is the imaginary number unit which satisfies j*=-1.
Parameter k;, represents discrete time representing modu-
lation timing for generation of a transmission signal in the
radar transmitter Tx, and takes values 1 to Nr+Nu.
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Parameter M represents the ordinal number of the trans-
mission cycle Tr of a radar transmission signal. The trans-
mission signal r(k,, M) is a transmission signal at the
discrete time k. of an Mth transmission cycle Tr, and is an
addition result of an in-phase signal component I(k,, M)
and the product of the imaginary number unit j and a
quadrate signal component Q(k,., M) (see Equation (1)).

[Formula 1]

1k g M)=1 (e, M) 47 QK 1, M) M

The code generator 4 generates a transmission code of the
code sequence C, having the code length L every transmis-
sion cycle Tr. For example, the elements of the code
sequence C,, are formed using two values [-1, 1] or four
values [1, -1, j, —j]. For the radar device 1 to have a low
range sidelobe characteristic, it is preferable that the trans-
mission code is a code including at least one of, for example,
a pair of code sequences of a complementary code, a Barker
code sequence, a Golay code sequence, an M-sequence
code, and code sequences constituting a Spano code. The
code generator 4 outputs the generated code sequence C, to
the modulator 5. In the following description, for the sake of
convenience, the transmission code of the code sequence C,,
will be written as a transmission code C,,.

To generate a pair of transmission codes of a comple-
mentary code as the transmission code C,, the code genera-
tor 4 generates a pair of transmission codes P, and Q,, every
two transmission cycles (2Tr) so as to generate them alter-
nately (one of them is generated in each transmission cycle).
That is, in an Mth transmission cycle, the code generator 4
generates the one transmission code P, of the pair of
transmission codes of the complementary code and outputs
it to the modulator 5. In the next, (M+1)th transmission
cycle, the code generator 4 generates the other transmission
code Q,, of the pair of transmission codes of the comple-
mentary code and outputs it to the modulator 5. Likewise, in
the (M+2)th and following transmission cycles, the code
generator 4 generates the transmission codes P, and Q,
repeatedly and outputs them to the modulator 5 every two
transmission cycles which are the same in length as the Mth
and (M+1)th transmission cycles.

The modulator 5 receives the transmission code C,, that is
output from the code generator 4. The modulator 5 generates
a baseband transmission signal of Equation (2) by pulse-
modulating the received transmission code C,. The pulse
modulation is amplitude modulation, ASK (amplitude shift
keying) or phase modulation (PSK (phase shift keying)).
This also applies to each of the following embodiments.

For example, where the code sequence C,, uses two values
[-1, 1], the phase modulation (PSK) becomes BPSK (binary
phase shift keying). Where the code sequence C,, uses four
values [1, -1, j, —j], the phase modulation (PSK) becomes
QPSK (quadrature phase shift keying) or 4-phase PSK. That
is, in the phase modulation (PSK), prescribed modulation
symbols of a constellation on the IQ plane are assigned.

The modulator 5 outputs a transmission signal r(k;, M),
in a preset limited band or lower, of the generated transmis-
sion signal r(k,., M) to the D/A converter 7 via the LPF 6.
The LPF 6 may be omitted in the transmission signal
generator 2. This also applies to each of the following
embodiments.

The D/A converter 7 converts the digital transmission
signal r(k,,, M) that is output from the modulator 5 into an
analog transmission signal. The D/A converter 7 outputs the
analog transmission signal to the RF transmitter 3.
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The RF transmitter 3 generates a transmission reference
signal in a carrier frequency band by multiplying the refer-
ence signal generated by the reference signal oscillator Lo
by a prescribed number. The individual units of the RF
transmitter 3 operate on the basis of the generated transmis-
sion reference signal.

The frequency converter 8 receives the analog transmis-
sion signal that is output from the D/A converter 7, and
up-converts the received baseband transmission signal using
the transmission reference signal. The frequency converter 8
thus generates a radio-frequency radar transmission signal
and outputs the generated radar transmission signal to the
amplifier 9.

The amplifier 9 receives the radar transmission signal that
is output from the frequency converter 8, amplifies the signal
level of the received radar transmission signal to a pre-
scribed signal level, and outputs the amplified signal to the
transmission antenna Tx-ant. The amplified radar transmis-
sion signal is transmitted from the transmission antenna
Tx-ant.

The transmission antenna Tx-ant transmits the radar trans-
mission signal that is output from the RF transmitter 3. As
shown in FIG. 4, the radar transmission signal is transmitted
during the transmission interval Tw of each transmission
cycle Tr and is not transmitted during the silent interval
Tr-Tw.

The common reference signal produced by multiplying
the reference signal generated by the reference signal oscil-
lator Lo by the prescribed number is supplied to the RF
transmitter 3 and the RF receivers of the respective antenna
system processor 10, 10a, 105, and 10c¢. This allows the RF
transmitter 3 and the plural RF receivers to operate in
synchronism with each other.

Another configuration is possible in which the code
generator 4 is not provided in the transmission signal
generator 2 and, instead, a transmission code storage CM for
storing a transmission code C,, generated by the transmission
signal generator 2 in advance, is provided (see FIG. 5). For
a case that the code generator 4 generates a pair of trans-
mission codes of a complementary code, the transmission
code storage CM may be stored with, for example, a pair of
transmission codes of a complementary code such as trans-
mission codes A, and B,,. The transmission code storage CM
is applicable to not only the first embodiment but also each
of the following embodiments. A transmission signal gen-
erator 2» shown in FIG. 5 is configured so as to include the
transmission code storage CM, a transmission code control-
ler CT3, a modulator 57, an LPF 6r, and a D/A converter 7.

The transmission code controller CT3 reads the transmis-
sion code C,, (or the transmission codes A, and B,, as a pair
of transmission codes of a complementary code) from the
transmission code storage CM cyclically every transmission
cycle Tr on the basis of the reference dock signal produced
by multiplying the reference signal generated by the refer-
ence signal oscillator Lo by the prescribed number, and
outputs the read-out transmission code C, to the modulator
5r. Operations performed after the output to the modulator
5r are the same as performed by the above-described modu-
lator 5 and LPF 6, and hence descriptions therefor will be
omitted.

(Radar Receiver)

Next, how the individual units of the radar receiver Rx are
configured will be described with reference to FIG. 3.

As shown in FIG. 3, the radar receiver Rx is configured
s0 as to include the four antenna system processors 10, 10aq,
105, and 10c, for example, which correspond in number to
the reception antennas constituting the array antenna, the
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correlation matrix generator 20, the distance estimator 21,
the direction vector storage 22, and the incoming direction
estimator 23.

The four antenna system processor 10 is configured so as
to include the RF receiver 11 to which the reception antenna
Rx-antl is connected and the signal processor 12. The RF
receiver 11 is configured so as to have an amplifier 13, a
frequency converter 14, and a quadrature detector 15. The
signal processor 12 is configured so as to have two A/D
converters 16 and 17, the correlation value calculator 18,
and the coherent integrator 19. The radar receiver 3 performs
a calculation periodically with each transmission cycle Tr as
a signal processing interval of the signal processors of the
respective antenna system processors.

Next, how the individual units of the radar receiver Rx
operate will be described in detail.

The reception antenna Rx-ant1 receives a reflection wave
signal that is a radar transmission signal transmitted from the
radar transmitter Tx and reflected by a target TAR. The
reception signal received by the reception antenna Rx-ant1
is input to the RF receiver 11.

Like the RF transmitter 3, the RF receiver 11 generates a
reception reference signal in the carrier frequency band by
multiplying the reference signal generated by the reference
signal oscillator Lo, by a prescribed number. The individual
units of the RF receiver 11 operate on the basis of the
generated reception reference signal.

The amplifier 13 receives the radio-frequency reception
signal received by the reception antenna Rx-antl, amplifies
the signal level of the received reception signal, and outputs
the resulting signal to the frequency converter 14.

The frequency converter 14 receives the reception signal
that is output from the amplifier 13, and down-converts the
radio-frequency reception signal using the received radio-
frequency reception signal and the reception reference sig-
nal. The frequency converter 14 thus generates a baseband
reception signal and outputs the generated baseband recep-
tion signal to the quadrature detector 15.

The quadrature detector 15 generates a baseband recep-
tion signal consisting of an in-phase signal and a quadrate
signal by quadrature-detecting the reception signal that is
output from the frequency converter 14. The quadrature
detector 15 outputs the in-phase signal and the quadrate
signal of the generated reception signal to the respective A/D
converters 16 and 17.

The A/D converter 16 samples, every discrete time kg,
the baseband in-phase signal that is output from the quadra-
ture detector 15, and thereby converts the in-phase signal
(analog data) into digital data. The AD converter 16 outputs
the resulting in-phase signal component (digital data) to the
correlation value calculator 18.

The A/D converter 16 performs sampling Ns times per
pulse width (pulse duration) Tp (=Tw/L) of a transmission
signal r(k,,, M) generated by the radar transmitter Tx. That
is, the sampling rate of the AD converter 16 is equal to
(NsxL)/Tw=Ns/Tp.

Likewise, the AD converter 17 samples, every discrete
time kg, the baseband quadrate signal that is output from
the quadrature detector 15, and thereby converts the quad-
rate signal (analog data) into digital data. The AD converter
17 outputs the resulting quadrate signal component (digital
data) to the correlation value calculator 18.

The AD converter 17 performs sampling Ns times per
pulse width (pulse duration) Tp (=Tw/L) of the transmission
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signal r(k,,, M) generated by the radar transmitter Tx. That
is, the sampling rate of the AD converter 17 is equal to
Ns/Tp.

In the following, a reception signal at a discrete time k.
of an Mth transmission cycle Tr produced by the AD
converters 16 and 17 is expressed as a complex signal x(k,,
M) (see Equation (2)) using an in-phase signal component
Ir(k, M) and a quadrate signal component Qr(k,., M) of
the reception signal:

[Formula 2]

X (kg M)=Ir (kg M) Qr ko, M) @

In the following description, a start time point of each
radar transmission cycle Tr is used as a reference (kz,=1) of
the discrete time k,, and the signal processor 12 operates
periodically until a sampling point k=(Nr+Nu)xNs/No that
is immediately before the end of each radar transmission
cycle Tr.

That is, the signal processor 12 operates periodically in a
period in which the discrete time kg, varies from 1 to
(Nr+Nu)xNs/No. A discrete time k;, =NrxNs/No represents
a time point immediately before the end of the transmission
interval Tw of each transmission cycle Tr. In the following
description, a digital reception signal x(k,,, M) that is output
from the AD converters 16 and 17 will be referred to as a
discrete sample value x(k,, M).

The correlation value calculator 18 receives discrete
sample values Ir,, M) and Qr(k,,, M) that are output from
the ND converters 16 and 17, that is, a discrete sample value
x(ks. M) as a reception signal. Based on the reception
reference dock signal produced by multiplying the reference
signal by the prescribed number, the correlation value cal-
culator 18 periodically generates, every set of discrete times
k., a transmission code C,, having the code length L that is
transmitted in each transmission cycle Tr shown in the first
stage of FIG. 6. Parameter n takes values 1 to L. Parameter
L represents the code length of the code sequence C,,. The
first stage of FIG. 6 shows transmission timing of a radar
transmission signal.

The correlation value calculator 18 calculates a sliding
correlation value AC(ky,, m) between the received reception
signal x(kz,, M)) and the transmission code C,. Symbol
AC(kg,, m) represents a sliding correlation value at a
discrete time kg, .

More specifically, the correlation value calculator 18
calculates sliding correlation values AC(kg,, M) in each
transmission cycle T, shown in the second stage of FIG. 6,
that is, for respective discrete times k. (=1 to (Nr+Nu)x
Ns/No), according to Equation (3). The correlation value
calculator 18 outputs the sliding correlation values AC(kg,,
M) calculated according to Equation (3) to the coherent
integrator 19.

The second stage and the third stage of FIG. 6 show
reception timing of a radar transmission signal. The second
stage of FIG. 6 shows a measurement period in a case that
a reception signal is received by the array antenna after a
lapse of a delay time T, from the start of transmission of a
radar transmission signal. The third stage of FIG. 6 shows a
measurement period in a case that a reception signal is
received by the array antenna after a lapse of a delay time T,
from the start of transmission of a radar transmission signal.
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The delay times T, and T, are given by Equations (4) and (5),
respectively.

[Formula 3]

L ©)
AClkpe, M) = ) xllg + Nstn = 1), M)C,

n=1
[Formula 4]
T = Tpx(L+1) @
[Formula 5]
AW ®

In each of the embodiments including this embodiment,
the correlation value calculator 18 performs calculations at
discrete times kz, =1 to (Nr+Nu)xNs/No. The measurement
range (the range of discrete times k) may be narrowed in
accordance with the range of presence of the target TAR to
be measured by the radar device 1. With this measure, in the
radar device 1, the amount of calculation of the correlation
value calculator 18 can be reduced further.

That is, in the radar device 1, the power consumption can
be reduced further as a result of reduction in the calculation
amount of the signal processor 12.

In the radar device 1, where the correlation value calcu-
lator 18 calculates sliding correlation values AC (k,, m,) at
discrete times kz, =Ns(L+1) to (Nr+Nu)xNs/No-NsL, mea-
surement of a reflection wave signal in each transmission
interval T,, of a radar transmission signal can be omitted.

In the radar device 1, even if a radar transmission signal
goes around to enter the radar receiver Rx directly, a
measurement can be performed with its influence elimi-
nated. With the above restriction of the measurement range
(the range of discrete times k), the coherent integrator 19,
the correlation matrix generator 20, the distance estimator
21, and the incoming direction estimator 23 also operate in
the same restricted measurement range. Therefore, the pro-
cessing amounts of these units can be reduced and hence the
power consumption of the radar device 1 can be lowered.

The coherent integrator 19 receives the sliding correlation
values AC (kg,, M) that are output from the correlation value
calculator 18. The coherent integrator 19 adds together
sliding correlation values AC(k,, M) in a prescribed num-
ber (Np) of transmission cycles T, (a period NpxT,) on the
basis of sets of sliding correlation values AC(kg, , M) that
have been calculated in the Mth transmission cycle T, for the
respective discrete times k..

More specifically, the coherent integrator 19 calculates an
mth coherent integration value Cl(k,, m) for each discrete
time k, by adding together, for each discrete time k, sliding
correlation values AC(kg,, M) in the prescribed number
(Np) of transmission cycles T, (period NpxT,) according to
Equation (6). Parameter Np represents the number of times
of coherent integration performed in the coherent integrator
19. Parameter m is the ordinal number of each set of Np
times of coherent integration performed by the coherent
integrator of each antenna system processor. The coherent
integrator 19 outputs the calculated coherent integration
values Cl(kg,, m) to the correlation matrix generator 20.
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[Formula 6]

Np
Cltkge, m) = Y ACUkge, Npm = 1)+ 9)
g=1

©

Adding together Np sliding correlation values AC(kg,,
M), the coherent integrator 19 can suppress noise compo-
nents contained in a reflection wave signal and thereby
improve the reception quality (SNR: signal to noise radio) of
the reflection wave signal. Furthermore, capable of improv-
ing the reception quality of the reflection wave signal, the
coherent integrator 19 can increase the accuracy of estima-
tion of a signal incoming direction from the target TAR.

The correlation matrix generator 20 receives coherent
integration values Cl'(k,,, m), . . . , Cl*(kg,, m) that are
output from the coherent integrators of the antenna system
processors 10, 10a, 105, and 10c¢, respectively. The corre-
lation matrix generator 20 generates a correlation matrix
H(kg,, m) for each discrete time k,, according to Equation
(7) to detect phase differences between the reception anten-
nas of the reflection wave signal coming from the target
TAR. In Equation (7), the superscript H is the complex
conjugate transpose operator.

[Formula 7]
ClM ke, m) |[ CP e, my | )
CL(kges m) || CPlkpes m)

Hikpeom) = . .
CPkpe, m) || CPlkge, m)

Furthermore, the correlation matrix generator 20 calcu-
lates a correlation matrix B(kz,) by adding together (aver-
aging) Dp correlation matrices in Nf transmission cycles Tr
(a period NfxTr) according to Equation (8).

[Formula 8]

Dp (8)
Bl = ) H(kgy, m)

m=1

Parameter Dp represents the number of correlation matri-
ces that are added together (averaged) by the correlation
matrix generator 20 in the Nf transmission cycles Tr (period
NfxTr), and satisfies Equation (9). The correlation matrix
generator 20 outputs the correlation matrix B(ky, ) calculated
by the addition (averaging) to the incoming direction esti-
mator 23.

[Formula 9]
N ©)
Dp= N_p

The correlation matrix generator 20 may calculate a
correlation vector according to Equation (10) rather than
Equation (7) by using, as a reference phase, a phase of a
signal received by the reception antenna of one of the plural
antenna system processors 10, 10a, 105, and 10c. In Equa-
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tion (10), the asterisk “*” (superscript) is the complex
conjugate operator. With this measure, the radar device 1 can
reduce the amount of calculation of the correlation matrix
generator 20 and thereby calculate, in a simple manner,
phase differences between the reception antennas of a reflec-
tion wave signal coming from the target TAR.

[Formula 10]
ClI' (kge, m) (10)
CP(kge, m) .

H(kgy, m) = . CI (kg m)
Cr ke, m)

The distance estimator 21 receives the coherent integra-
tion values C1'(k,, m), . . ., CI*(k,,, m) that are output from
the coherent integrators of the antenna system processors 10,
10a, 105, and 10c, respectively. The distance estimator 21
calculates an addition-of-squares value RP(kg,) of the
received coherent integration values received from the
antenna system processors 10, 10a, 105, and 10¢ according
to Equation (11):

[Formula 11]

1 o4 ) an
RPUki) = 2 3 D 161"tk )

m=1 Nant=1

In Equation (11), the addition-of-squares value RP(ky,)
corresponds to a signal level, at each discrete time k , of the
reflection wave signal coming from the target TAR. The
distance estimator 21 selects a discrete time k., when the
addition-of-squares value RP(ky,) is larger than an environ-
ment noise level by a prescribed value or more, and calcu-
lates a distance Range(k ) to the target TAR on the basis of
the selected discrete time k., according to Equation (12). In
Equation (12), Co is the speed of light and f; . is the
reception reference clock frequency. The distance estimator
21 outputs the calculated distance Range(ky,) to the target
TAR to the incoming direction estimator 23.

[Equation 12]

1 (12)
Range(kg,) = Co X (kgy — 1) X =———
2fr8B

The direction vector storage 22 is stored with complex
responses of the array antenna in a case that an azimuth
range and an elevation angle range for 5, estimation of a
signal incoming direction from a target TAR by the radar
device 1 installed at the position having the installation
height H,,,, are divided two-dimensionally into prescribed
NU and NV regions, respectively. In this embodiment, the
complex responses of the array antenna are direction vectors
D(8,, ¢,) including azimuth components 6, and elevation
angle components ¢, in the case that the azimuth range and
the elevation angle range for estimation of a signal incoming
direction are divided two-dimensionally. Parameter u is an
integer between 1 to NU, and parameter v is an integer
between 1 to NV. NU and NV are prescribed numbers that
are determined in accordance with a measurement area of
the radar device 1.
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The complex responses of the array antenna, which are
measured in advance in an anechoic chamber, for example,
include phase difference information that is calculated geo-
metrically on the basis of the antenna element intervals of
the array antenna and deviation information that includes the
degrees of coupling and amplitude and phase errors between
the antenna elements of the array antenna.

The incoming direction estimator 23 receives the corre-
lation matrix B(kg,) that is output from the correlation
matrix generator 20 and the distance Range(ky, ) to the target
TAR that is output from the distance estimator 21. The
incoming direction estimator 23 estimates a signal incoming
direction from the target TAR on the basis of the received
correlation matrix B(kg,) and the distance Range(k,,) to the
target TAR and the direction vectors D(0,, ¢,) which are
stored in the direction vector storage 22.

How the incoming direction estimator 23 operates will be
described with reference to FIGS. 1 and 7. FIG. 7 is a
flowchart for description of how the incoming direction
estimator 23 used in the first embodiment operates.

Referring to FIG. 7, the incoming direction estimator 23
sets the discrete time k. to a value indicating the start of a
measurement period of the radar device 1 (S11). The incom-
ing direction estimator 23 calculates an elevation angle
¢(kg,) with respect to the target TAR on the basis of the
distance Range(ky, ) to the target TAR, the installation height
H,,, of the radar antenna RA, and the inclination angle ¢, in
the elevation angle direction of the radar antenna RA (S12).
An elevation angle ¢p(kz,) with respect to the target TAR is
calculated according to Equation (13):

[Formula 13]

Blkr) = @5+ do) - 5 a3

Parameter ¢(ky,) represents an elevation angle of the line
connecting the radar antenna RA and the bottom of the target
TAR with the direction of the inclination angle ¢, used as a
reference. Parameter ¢, represents an angle formed by the
line connecting the radar antenna RA and the bottom of the
target TAR and is determined geometrically by the distance
Range(ky,) to the target TAR and the installation height
H,,,, Parameter ¢,, is calculated according to Equation (14).
Relationships ¢,>0 and ¢,<0 hold.

[Formula 14]
H, ] 14)

_ —1
= ot

The incoming direction estimator 23 fixes the elevation
angle component of the direction vector D(8,,, ¢,) stored in
the direction vector storage 22 to the elevation angle ¢(ky.)
with respect to the target TAR that was calculated at step
S12. The incoming direction estimator 23 calculates evalu-
ation function values P[D(8,,, $(kz,)), kz,)] for evaluation of
a signal incoming direction from the target TAR according
to Equation (15) using the direction vectors D(0,,, ¢(kz,)) in
which the azimuth component is variable (step S13).

[Formula 15]

P[D(O, (k) e =D (O, pkp) B DO, 0K z,) (15)
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Various kinds of evaluation function values P[D(¢,,
¢(kg,)), kz,)] are known that correspond to respective
incoming direction estimation algorithms. Each of the
embodiments including this embodiment employs the evalu-
ation function values of a beam former method using an
array antenna that is disclosed in the following Referential
non-patent document 1, for example. In Equation (15), the
superscript H is the Hermite operator. Alternatively, a Capon
method or a MUSIC method may be used.

(Referential non-patent document 1) James A. Cadzow,
“Direction of Arrival Estimation Using Signal Subspace
Modeling,” Aerospace and Electronic Systems, IEEE Trans-
actions on Vol. 28, Issue 1, pp. 64-79 (1992).

The incoming direction estimator 23 calculates, according
to Equation (16), an azimuth component 0,, that provides a
maximum value of the evaluation function values P[D(6,,
¢(kg,)), k)] calculated at step S13. The incoming direction
estimator 23 judges that the azimuth component 0, that
provides the maximum value of the evaluation function
values P[D(0,,, ¢(kz,)), kg,)] is a signal incoming direction
DOA(k) from the target TAR (S14). In Equation (16),
parameter arg max P(x) is an operator of outputting a value
with which the function P(x) has a maximum value in its
domain.

[Formula 16]

DOAlkgy) = argmax PID O, $lkga)), ksl (16)

The incoming direction estimator 23 finishes the process
if the discrete time k., indicates the end of the measurement
period of the radar device 1 (S15: yes). On the other hand,
if the discrete time kz, does not indicate the end of the
measurement period of the radar device 1 (S15: no), the
incoming direction estimator 23 increments the discrete time
kz,, (816) and executes steps S12-S14 again with the next
discrete time k..

As described above, in the radar device 1 according to the
embodiment, a distance Range(ky, ) to a target TAR, which
can be measured relatively accurately compared with cal-
culation of an azimuth component, is calculated first and an
elevation angle component of a direction vector D(0,,, ¢,) is
determined (fixed). In the radar device 1, evaluation func-
tions P[D(0,, ¢(kz,)), kz,)] for evaluation of a signal incom-
ing direction are then calculated using the direction vectors
D(8,, ¢(kg,)) in which the elevation angle component is
fixed and the azimuth component is variable, and an azimuth
component that provides a maximum value of the evaluation
functions is employed as a signal incoming direction from
the target TAR.

In the radar device 1 which operates in the above-
described manner, the amount of calculations for estimating
an incoming direction of a reflection wave signal coming
from the target can be reduced. And the accuracy of esti-
mation of a signal incoming direction can be increased
because a signal incoming direction is estimated using
information of amplitude and phase deviations that depend
on the azimuth 6 direction and the elevation angle ¢ direc-
tion and occur between the reception antenna elements.

Although in this embodiment the radar transmitter Tx is
provided with the single transmission antenna Tx-ant, the
radar transmitter Tx may be provided with an array antenna
having plural transmission antennas like the radar receiver
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Rx is. In this case, the radar transmitter Tx can vary the
directivity of a radar transmission signal using the array
antenna.

The incoming direction estimator 23 calculates evaluation
function values P[D(6,, ¢(kz,)), kg,)] on the basis of a
prescribed elevation angle component (or azimuth compo-
nent) range, determined in accordance with directivity of a
radar transmission signal, of a direction vector D(0, ¢), and
employs, as a signal incoming direction, an azimuth com-
ponent of a direction vector that provides a maximum value
of the evaluation function values. With this measure, the
amount of calculation of the radar receiver 3 of the radar
device 1 can be reduced further. That the radar receiver Tx
may be provided with an array antenna having plural trans-
mission antennas like the radar receiver Rx is likewise
applicable to each of the following embodiments.
(Modification of Embodiment 1)

Although in the first embodiment the radar transmitter Tx
is provided with the single transmission antenna Tx-ant, a
modification is possible in which the radar transmitter Tx is
provided with an array antenna having plural transmission
antennas and one of the transmission antennas is selected.
FIG. 15 is a block diagram showing the internal configura-
tion of a radar device 1m according to a modification of the
first embodiment in detail.

The radar transmitter Tx of the radar device 1m shown in
FIG. 15 is different in configuration from the radar trans-
mitter Tx shown in FIG. 3 in that two transmission antennas
Tx-antl and Tx-ant2 are provided and an antenna switch
Ancg and an antenna switching controller Anct are added.
The antenna switching controller Anct outputs a switching
control signal for selecting one of the plural transmission
antennas Tx-antl and Tx-ant2.

The antenna switching controller Anct selects an antenna
for transmitting a radar transmission signal on the basis of
the switching control signal supplied from the antenna
switching controller Anct. As shown in FIG. 16, the trans-
mission antennas Tx-antl and Tx-ant2 are different from
each other in the depression angle in a vertical plane in a
main beam direction of a radar transmission signal, whereby
the transmission antennas Tx-antl and Tx-ant2 have differ-
ent distance detection ranges. The transmission antennas
Tx-ant1 and Tx-ant2 may be given different beam widths in
a vertical plane.

The incoming direction estimator 23 calculates evaluation
function values P[D(0,,, ¢(kz,)), kg,)] on the basis of an
elevation angle component range of a direction vector D(0,,
¢,) corresponding to one of different distance ranges that
corresponds to one of the transmission antennas Tx-ant1 and
Tx-ant2 that is selected as an antenna for transmitting a radar
transmission signal on the basis of a switching control signal
supplied from the antenna switching controller Anct, and
employs, as a signal incoming direction, an azimuth com-
ponent of a direction vector that provides a maximum value
of the evaluation function values. As a result, the amount of
calculation of a radar receiver Rxm of the radar device 1m
can be reduced further.

That the radar receiver Tx may be provided with an array
antenna having plural transmission antennas like the radar
receiver Rxm is likewise applicable to each of the following
embodiments.

(Embodiment 2)

FIG. 8 is for description of a probability that the elevation
angle component of the direction vector varies depending on
the height of a short-range target TAR to cause reduction of
the accuracy of estimation of a signal incoming direction. If
a target TAR that is relatively dose to a radar device is tall
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(when measured from the ground), it is necessary to consider
a difference between distances to the target TAR calculated
using a reflection wave signal reflected from the top of the
target TAR and a reflection wave signal reflected from the
bottom of the target TAR.

Therefore, the radar device is prone to suffer a distance
estimation error. Since a signal incoming direction is esti-
mated without correctly using information of amplitude and
phase deviations that depend on the eclevation angle ¢
direction and occur between the reception antenna elements,
the accuracy of estimation of a signal incoming direction
from the target TAR is lowered.

In this modification, the incoming direction estimator
calculates a range of the elevation angle component ¢p(kz,)
with respect to the target TAR using a distance Range(ky,)
to the target TAR calculated by the distance estimator and
taking the height H,,,,, of the target TAR from the ground
into consideration (see FIG. 9). FIG. 9 is an explanatory
diagram showing a straight line extending in the direction of
an inclination angle ¢, of a radar antenna of a radar device
according to the second embodiment and an elevation angle
¢(kg,) with respect to the target.

The configuration of the radar device according to this
embodiment is the same as the radar device 1 according to
the first embodiment and hence will not be described.
Differences in operation from the radar device 1 according
to the first embodiment will be described. In the following
description, reference symbols of individual units of the
radar device 1 according to the first embodiment will be used
for the sake of convenience.

How the incoming direction estimator 23 used in this
embodiment operates will be described with reference to
FIGS. 9 and 10. FIG. 10 is a flowchart showing how the
incoming direction estimator 23 used in the second embodi-
ment operates.

Referring to FIG. 10, the incoming direction estimator 23
sets the discrete time k. to a value indicating the start of a
measurement period of the radar device 1 (S21). The incom-
ing direction estimator 23 calculates an elevation angle
¢(kg,) range with respect to the target TAR on the basis of
a distance Range(ky.) to the target TAR, the installation
height H,,, of the radar antenna RA, an expected height
H, g, 0f the target TAR from the ground, and the inclination
angle ¢, in the elevation angle direction of the radar antenna
RA (S22). The elevation angle ¢(kg,) with respect to the
target TAR is in a range of Equation (17):

[Formula 17]

Bl = (@00 + 40) = 5. @+ 40 - 3] an

Parameter ¢(ky,) represents a range from an elevation
angle of the line connecting the radar antenna RA and the
bottom of the target TAR with the direction of the inclination
angle ¢, used as a reference to an elevation angle of the line
connecting the radar antenna RA and the top of the target
TAR with the direction of the inclination angle ¢, used as a
reference. Parameter ¢, represents an elevation angle formed
by the line connecting the radar antenna RA and the bottom
of the target TAR and is determined geometrically by the
distance Range(ky,) to the target TAR and the installation
height H,,,,. Parameter ¢, is calculated according to Equa-
tion (14).

Parameter ¢,, represents an elevation angle formed by the
line connecting the radar antenna RA and the bottom of the
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target TAR and is determined geometrically by the distance
Range(kg,) to the target TAR, the installation height H_,,
and the height H,,,,, of the target TAR from the ground.
Parameter ¢, is calculated according to Equation (14).

[Formula 18]
(Hop — Hrarger)] (13)

— -1
#in = cos [ Range(kr,)

The incoming direction estimator 23 varies the elevation
angle component of the direction vector D(8,,, ¢,) stored in
the direction vector storage 22 in the range of the elevation
angle ¢(ky,) with respect to the target TAR that was calcu-
lated at step S22. The incoming direction estimator 23
calculates evaluation function values P[D(8,, ¢(kz,)), kg,
for evaluation of a signal incoming direction from the target
TAR according to Equation (15) using the direction vectors
D(0,, ¢(kg,)) in which the elevation angle component (vari-
able in thus-set range) and the azimuth component are
variable (step S23). The evaluation function values P[D(0,,
0(kz,))s kz,)] are not described here because they are the
same as in the first embodiment.

The incoming direction estimator 23 calculates, according
to Equation (16), an azimuth component 0,, that provides a
maximum value of the evaluation function values P[D(0,,
0(kz,))s kg, )] calculated at step S23. The incoming direction
estimator 23 judges that the azimuth component 0, that
provides the maximum value of the evaluation function
values P[D(0,,, ¢(kz.)), kz,)] is a signal incoming direction
DOA(kg,) from the target TAR (S24).

The incoming direction estimator 23 finishes the process
if the discrete time k,, indicates the end of the measurement
period of the radar device 1 (S25: yes). On the other hand,
if the discrete time kp_ does not indicate the end of the
measurement period of the radar device 1 (S25: no), the
incoming direction estimator 23 increments the discrete time
kz, (S26) and executes steps S22-S24 again with the next
discrete time kg, .

As described above, in the radar device 1 according to the
embodiment, a range of the elevation angle component
¢(kg,) with respect to the target TAR is calculated by using
a distance Range(ky,) to the target TAR calculated by the
distance estimator and taking an expected height H,,,,.., of
the target TAR from the ground into consideration. In the
radar device 1, a signal incoming direction from the target
TAR is estimated in the same manner as in the first embodi-
ment using the range of elevation angle component ¢(k,)
with respect to the target TAR.

Operating the above-described manner, the radar device 1
according to this embodiment provides, in addition to the
advantages of the first embodiment, an advantage that a
signal incoming direction from a target TAR can be esti-
mated taking the H,,, ., of the target TAR from the ground
into consideration. That is, in the radar device 1 according
to this embodiment, the accuracy of estimation of a signal
incoming direction from a target TAR can be made higher
than in the radar device 1 according to the first embodiment
even in the case where the target TAR is in a short range,
because an signal incoming direction is estimated using,
correctly, information of amplitude and phase deviations
that depend on the elevation angle ¢ direction and occur
between the reception antenna elements, the accuracy of
estimation of a signal incoming direction from the target
TAR is lowered.
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Alternatively, the incoming direction estimator 23 may
calculate a maximum value of evaluation function values by
varying the elevation angle component of the evaluation
function value, that is, the eclevation angle ¢(kg,) with
respect to a target TAR, on the basis of a maximum value,
expected in advance, of the H,,,,.,, of the target TAR from the
ground. This allows the incoming direction estimator 23 to
use a range, expected in advance, of the H,,,,., of a target
TAR from the ground, whereby the amount of calculations
of evaluation function values can be reduced further.

As a further alternative, the incoming direction estimator
23 may calculate a maximum value of evaluation function
values by varying the elevation angle ¢(ky,) with respect to
a target TAR in accordance with its distance range from the
radar antenna RA (see FIG. 11). FIG. 11 is explanatory
diagrams showing how an elevation angle component range
of evaluation function values is determined in accordance
with a distance range. FIG. 11(a) is for a target in a short
range and FIG. 11(b) is for a target located at a distant place.

In the example of FIG. 11(a), since the target TAR is close
to the radar antenna RA, the incoming direction estimator 23
sets the range of the elevation angle component ¢(ky,) with
respect to the target TAR relatively wider than in the case of
a target TAR that is distant from the radar antenna RA. In the
example of FIG. 11(5), since the target TAR is distant from
the radar antenna RA, the incoming direction estimator 23
sets the range of the elevation angle component ¢(ky,) with
respect to the target TAR relatively narrower than in the case
of a target TAR that is close to the radar antenna RA.

Operating in the above-described manner, the incoming
direction estimator 23 can vary the range of the elevation
angle component ¢(k,.) with respect to a target TAR in
accordance with its distance Range(ky,) from the radar
antenna RA, whereby the amount of calculations of evalu-
ation function values can be reduced further. The incoming
direction estimator 23 may judge that a target TAR is located
at a distant place if the distance from the radar antenna RA
to the target TAR is longer than a prescribed threshold value,
and judge that a target TAR is located in a short range if the
distance is shorter than the prescribed threshold value.
(Embodiment 3)

In the first and second embodiments, the direction vectors
D(8,, ¢,) which are stored in the direction vector storage 22
are ones that were obtained in advance through a measure-
ment in an anechoic chamber and a calculation and hence
have fixed values. In this embodiment, switching is made
between a measurement mode (operation state) in which a
distance and a signal incoming direction are estimated and
a calibration mode (operation state) in which direction
vectors are measured for update.

FIG. 12 is a block diagram showing the internal configu-
ration of a radar device 1s according to the third embodiment
in detail. Units of the radar device 1s according to the third
embodiment having the same ones in the radar device 1
according to the first embodiment will be given the same
reference symbols as the latter and descriptions therefor will
be omitted. Differences in operation from the radar device 1
according to the first embodiment will be described.

Like the radar device 1 according to the first or second
embodiment, the radar device 1s installed at a position
having a prescribed height H ,,, from the ground. As shown
in FIG. 12, the radar device 1s is configured so as to include
a reference signal oscillator Lo, a radar transmitter Tx, and
a radar receiver Rxs. The configuration of the radar trans-
mitter Tx is the same as that used in the first or second
embodiment and hence will not be described. The reference
signal oscillator Lo is connected to the radar transmitter Tx
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and the radar receiver Rxs and supplies a common signal to
them, whereby pieces of processing of the radar transmitter
Tx and the radar receiver Rxs are synchronized with each
other.

The radar receiver Rxs is configured so as to have four
antenna system processors 10, 10a, 105, and 10c¢, a mode
controller 24, a switch 25, a direction vector calculator 26,
a correlation matrix generator 20s, a distance estimator 21s,
a direction vector storage 22s, and an incoming direction
estimator 23s. Although the radar receiver Rxs shown in
FIG. 12 has the four antenna system processors, the number
of antenna system processors is not limited to four and may
be two or more.

The mode controller 24 outputs, to the switch, a switching
signal indicating a mode to which switching should be made,
that is, the measurement mode for estimating a distance to
a target TAR and a signal incoming direction from the target
TAR or the calibration mode for measuring direction vectors
for update. In the calibration mode, a target TAR for
calibration is disposed at a point Z of a known position
(distance: R ;) and a direction vector D_,40..,, ¢.,;) having
an azimuth component 0_,, and an elevation angle compo-
nent ¢,,; of the point Z is measured. Furthermore, in the
calibration mode, the direction vector D_,(0,, ¢,) that is
already stored in the direction vector storage 22 and has the
azimuth component 0_,, and the elevation angle component
¢,,; of the point Z is updated to the measured direction
vector Dcal(ecali q)cal)'

In the calibration mode, the mode controller 24 outputs, to
the direction vector calculator 26, a control signal for
causing measurement of a direction vector D_,,(0_,;5 ¢...)
having the azimuth component 0_,, and the elevation angle
component ¢, of the point Z of the known position (dis-
tance: R_ ;) for the target TAR for calibration disposed at the
point Z. The control signal for causing measurement of a
direction vector D_ /0., $.,;) contains pieces of informa-
tion that are a discrete time k.., the azimuth component 6_,;,
and the elevation angle component ¢,,;. The mode controller
24 outputs, to the direction vector calculator 26, a control
signal for causing the direction vector storage 22s to update
the current direction vector D_,(0_,;,, ¢,) stored in the
direction vector storage 22s to a direction vector D_,(0.,;,
¢.,;) measured for the point Z of the known position
(distance: R_,)).

In response to a control signal that is output from the
mode controller 24, the switch 25 switches the output
destination of coherent integration values supplied from the
respective antenna system processors 10, 10a, 105, and 10c¢
to the correlation matrix generator 20s or the direction
vector calculator 26s. More specifically, in the measurement
mode, the switch 25 outputs coherent integration values
supplied from the respective antenna system processors 10,
104, 105, and 10c¢ to the correlation matrix generator 20s. In
the calibration mode, the switch outputs coherent integration
values supplied from the respective antenna system proces-
sors 10, 10a, 105, and 10c¢ to the direction vector calculator
26.

The direction vector calculator 26 calculates, as phase
different information for a reference antenna for the discrete
time k_,,, the azimuth component 0_,,, and the elevation
angle component ¢, a direction vector D_,(0_,; ¢.,;) for
the target TAR for calibration disposed at the point Z
(distance: R_,,) on the basis of an output signal that is output
from the mode controller 24 (see Equation (19)). The
direction vector calculator 26 stops its operation in the
measurement mode.
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[Formula 19]
CI (g, m) (19
Neat »
0 1 CF(kegr, m) e
D = o
(Ocat> Deat) NchalZ E (keat, m)
m—1
CH(kegy m)

In Equation (19), parameter Ra is a reference antenna
number indicating one of the antennas Rx-antl to Rx-ant4.
Parameter Ncal is the number of transmission cycles (a
period NcalxTr) in which the calibration mode is main-
tained. Furthermore, the asterisk “*” (superscript) in Equa-
tion (19) is the complex conjugate operator.

The direction vector calculator 26 updates the direction
vector D0, $.,,) having the azimuth component 0
and the elevation angle component ¢_,, and stored in the
direction vector storage 22s to the direction vector D_ 0.,
¢, calculated for the discrete time k_,, on the basis of an
output signal that is output from the mode controller 24. The
mode controller 24 causes the switch 25 and the direction
vector calculator 26 to perform calibration, that is, update of
the direction vectors, in a measurement area of the radar
device 1s using the target TAR for calibration disposed at the
point Z of the known position (distance: R_,,) while varying
the azimuth component 0_,, and the elevation angle com-
ponent ¢, (i.e., point Z) at prescribed intervals.

As described above, in the measurement mode, the radar
device is according to this embodiment operates in the same
manner as the radar device 1 according to the first or second
embodiment. In the calibration mode, the radar device 1s
performs calibration in the measurement area of the radar
device 1s using the target TAR for calibration disposed at the
point Z of the known position (distance: R_,,) while varying
the azimuth component 0_,, and the elevation angle com-
ponent ¢, (i.e., point Z) at prescribed intervals.

Operating in the above-described manner, the radar
device 1s provides, in addition to the advantages of the first
or second embodiment, an advantage that switching can be
made easily between the measurement mode and the cali-
bration mode under an installation environment of the radar
device 1s. Furthermore, in the calibration mode, the radar
device 1s can update the direction vectors stored in the
direction vector storage 22s so as to correspond to the
azimuth components and elevation angle components.
Therefore, the radar device 1s can correct the direction
vectors even if variations with age have occurred in the
deviations (in amplitude and phase) between the plural
reception antennas of the array antenna, whereby the radar
device 1s can be prevented from deteriorating with age in the
accuracy of estimation of a signal incoming direction.
(Modification of Embodiment 3)

Although in the third embodiment the radar transmitter Tx
is provided with the single transmission antenna Tx-ant, a
modification is possible in which the radar transmitter Tx is
provided with plural transmission antennas and one of the
transmission antennas is selected. FIG. 17 is a block diagram
showing the internal configuration of a radar device 1n
according to a modification of the third embodiment in
detail.

The radar transmitter Tx of the radar device 1» shown in
FIG. 17 is different in configuration from the radar trans-
mitter Tx shown in FIG. 12 in that two transmission anten-
nas Tx-ant1 and Tx-ant2 are provided and an antenna switch
Ancg and an antenna switching controller Anct are added.

cal
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The antenna switching controller Anct outputs a switching
control signal for selecting one of the plural transmission
antennas Tx-antl and Tx-ant2.

The antenna switching controller Anct selects an antenna
for transmitting a radar transmission signal on the basis of
the switching control signal supplied from the antenna
switching controller Anct. As shown in FIG. 16, the trans-
mission antennas Tx-antl and Tx-ant2 are different from
each other in the depression angle in a vertical plane in a
main beam direction of a radar transmission signal, whereby
the transmission antennas Tx-antl and Tx-ant2 have differ-
ent distance detection ranges. The transmission antennas
Tx-ant1 and Tx-ant2 may be given different beam widths in
a vertical plane.

The incoming direction estimator 23s calculates evalua-
tion function values P[D(8,,, ¢(kx.)), kz,)] on the basis of an
elevation angle component range of the direction vectors
D(0,, ¢,) corresponding to one of different distance ranges
that corresponds to one of the transmission antennas Tx-ant1
and Tx-ant2 that is selected as an antenna for transmitting a
radar transmission signal on the basis of a switching control
signal supplied from the antenna switching controller Anct,
and employs, as a signal incoming direction, an azimuth
component of a direction vector that provides a maximum
value of the evaluation function values. As a result, the
amount of calculation of a radar receiver Rxn of the radar
device 1z can be reduced further.

Although the various embodiments have been described
above with reference to the drawings, it goes without saying
that this disclosure is not limited to those examples. It is
apparent that those skilled in the art would conceive various
changes or modifications within the confines of the claims.
And such changes or modifications should naturally be
construed as being included in the technical scope of the
disclosure.

The present application is based on Japanese Patent
Application No. 2011-265020 filed on Dec. 2, 2011, the
disclosure of which is incorporated herein by reference.

INDUSTRIAL APPLICABILITY

This disclosure is useful when applied to a radar device
which is high in the accuracy of estimation of a direction of
each target in a case that plural targets exist in a range of
distance resolution and reflection wave signals coming from
the respective targets have similar Doppler frequencies.

DESCRIPTION OF SYMBOLS

1, 1s: Radar device

2, 2s: Transmission signal generator
3: RF transmitter

4: Code generator

5, 5r: Modulator

6, 6»: LPF

7: D/A converter

8, 14: Frequency converter

9, 13: Amplifier

10, 10a, 105, 10c: Antenna system processor
11: RF receiver

12: Signal processor

15: Quadrature detector

16, 17: ND converter

18: Correlation value calculator

19: Coherent integrator

20, 20s: Correlation matrix generator
21, 21s: Distance estimator



US 9,470,784 B2

23

22, 22s: Direction vector storage

23, 23s: Incoming direction estimator
24: Mode controller

25: Switch

26: Direction vector calculator

CM: Transmission code storage
CM3: Transmission code controller
Rx, Rx3: Radar receiver

Tx: Radar transmitter

The invention claimed is:

1. A radar device installed at a position having a pre-
scribed height from the ground, comprising:

a radar transmitter that converts a transmission code into

a radio-frequency radar transmission signal and trans-
mits the radar transmission signal from a transmission
antenna which is inclined so as to extend in a prescribed
direction which is defined by a line connecting the
position having the prescribed height and the ground;
and

a radar receiver that estimates a signal incoming direction
from a target using incoming direction vectors, having
fixed azimuth components and variable elevation angle
components, of the target calculated on the basis of
outputs of plural antenna system processors which
receive a reflection wave signal produced by reflection
of the radar transmission signal by the target.

2. The radar device according to claim 1, wherein the
direction vectors depend on an azimuth direction and an
elevation angle direction and include deviation information
indicating amplitude and phase deviations to occur between
the plural antenna system processors.

3. The radar device according to claim 1, wherein each of
the plural antenna system processors comprises:

a correlation calculator that calculates a correlation value
between a reception signal and the transmission code;
and

a coherent integrator that performs coherent integration
using a prescribed coherent integration number.

4. The radar device according to claim 3, wherein each of

the plural antenna system processors further comprises:

a reception antenna that receives the reflection wave
signal;

a RF receiver that converts the received reception signal
into a baseband signal; and

an A/D converter that converts the baseband-converted
reception signal into digital data.

5. The radar device according to claim 1, wherein the
distance estimator calculates an addition-of-squares value of
coherent integration outputs of the plural respective antenna
system processors, and estimates a distance to the target on
the basis of an addition-of-squares value that is larger than
an environment noise level of the radar device by a pre-
scribed value or more.

6. The radar device according to claim 1, wherein the
reception antenna of each of the plural antenna system
processors is inclined so as to extend in a prescribed
direction which is defined by a line connecting the position
having the prescribed height and the ground; and

wherein the incoming direction estimator calculates an
elevation angle component of a line connecting the
transmission antenna and the target in such a manner
that the prescribed direction is used as a reference on
the basis of the distance to the target, the prescribed
height, and the inclination angle of the transmission
antenna and the plural reception antennas.

7. The radar device according to claim 6, wherein the

incoming direction estimator calculates evaluation function
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values for evaluation of a signal incoming direction using
the calculated elevation angle component as an elevation
angle component of the direction vectors.

8. The radar device according to claim 1, wherein the
reception antenna of each of the plural antenna system
processors is inclined so as to extend in a prescribed
direction which is defined by a line connecting the position
having the prescribed height and the ground; and

wherein the incoming direction estimator calculates a
range from an elevation angle component of a line
connecting the transmission antenna and a top of the
target to an elevation angle component of a line con-
necting the transmission antenna and a bottom of the
target in such a manner that the prescribed direction is
used as a reference on the basis of the distance to the
target, the prescribed height, a height of the target, and
the inclination angle of the transmission antenna and
the plural reception antennas.

9. The radar device according to claim 8, wherein the
incoming direction estimator calculates evaluation function
values for evaluation of a signal incoming direction using
the calculated elevation angle component range as an eleva-
tion angle component range of the direction vectors.

10. The radar device according to claim 7, wherein the
incoming direction estimator calculates a maximum value of
the evaluation function values, and judges that an azimuth
component of a direction vector that provides the maximum
value of the evaluation function values is a signal incoming
direction.

11. The radar device according to claim 1, wherein the
radar receiver further comprises:

a mode controller that outputs a switching signal for

switching to one of a measurement mode for estimating
a distance to and a signal incoming direction from the
target and a calibration mode for updating the direction
vectors;

a direction vector calculator that calculates direction
vectors corresponding to respective known positions
for calibration in the calibration mode; and

a switch that switches an output destination of the coher-
ent integration outputs of the plural respective antenna
system processors to the correlation matrix generator or
the direction vector calculator according to the switch-
ing signal; and

wherein the direction vector calculator updates current
direction vectors corresponding to the respective
known positions to the calculated direction vectors.

12. The radar device according to claim 7, wherein the
radar transmitter varies directivity of the radar transmission
signal using plural transmission antennas; and

wherein the incoming direction estimator calculates a
maximum value of the evaluation function values on
the basis of a prescribed azimuth component range or
elevation angle component range of the direction vec-
tors, and judges that an azimuth component of a direc-
tion vector that provides the maximum value of the
evaluation function values is a signal incoming direc-
tion.

13. The radar device according to claim 1, wherein the

receiver comprising:

a correlation matrix generator that generates a correlation
matrix including phase difference information that
results from an arrangement of reception antennas on
the basis of outputs of the plural respective antenna
system processors;
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a distance estimator that estimates a distance to the target

on the basis of the outputs of the plural respective
antenna system processors; and

an incoming direction estimator that estimates a signal

incoming direction from the target using the incoming 5
direction vectors calculated on the basis of an output of
the distance estimator and an output of the correlation
matrix generator.

14. The radar device according to claim 9, wherein the
incoming direction estimator calculates a maximum value of 10
the evaluation function values, and judges that an azimuth
component of a direction vector that provides the maximum
value of the evaluation function values is a signal incoming
direction.

15. The radar device according to claim 9, wherein the 15
radar transmitter varies directivity of the radar transmission
signal using plural transmission antennas; and

wherein the incoming direction estimator calculates a

maximum value of the evaluation function values on
the basis of a prescribed azimuth component range or 20
elevation angle component range of the direction vec-
tors, and judges that an azimuth component of a direc-
tion vector that provides the maximum value of the
evaluation function values is a signal incoming direc-
tion. 25
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